Human cytomegalovirus (HCMV) is a member of the betaherpesvirus family. The genome of HCMV is 240,000 bp in size with at least 150 known open reading frames (ORFs) (4) . A majority of the ORFs are nonessential for viral replication in cell culture. Several ORFs are beneficial but not required for viral replication. However, approximately one-quarter, or 41 ORFs, are required for viral replication (39) . The virus replicates productively in terminally differentiated cells, such as fibroblasts, epithelial and endothelial cells, and monocyte-derived macrophages (7, 8, 13, 20, 30, 31, 36) .
During productive infection, HCMV genes are expressed in a temporal cascade, designated immediate early (IE), delayed early, and late. The major IE genes UL123/UL122 (IE1/IE2) play a critical role in subsequent viral gene expression and the efficiency of viral replication (14, 15, 17, (22) (23) (24) . The early viral genes encode proteins necessary for viral DNA replication (26) . Following viral DNA replication, delayed early and late viral genes that encode structural proteins for viral production are expressed. Several early genes of HCMV have the unusual property of three promoters: two that initiate transcription early and one late (2, 21) .
The UL44 protein (pUL44), which binds double-stranded DNA, is an essential protein for viral DNA replication and interacts specifically with the viral DNA polymerase encoded by UL54 (27, 29) . pUL44 increases the processivity of the viral DNA polymerase along the viral DNA template (6, 37, 40) .
pUL44 protein accumulates to strikingly high levels at late times after infection (9, 35) . The HCMV UL44 transcription unit initiates at three distinct sites, which are separated by approximately 50 nucleotides and are differentially regulated during productive infection. Two of these start sites, the distal and the proximal, are used at early times, whereas the middle start site is not used until late times (21) . Expression from the late start site is dependent upon viral DNA synthesis. We have shown that mutation of the middle TATA element did not affect the level of viral DNA synthesis, but it did significantly affect the level of late viral gene expression (16) . In addition, recombinant viruses with the middle TATA element mutated grew more slowly than wild-type virus at both low and high multiplicities of infection (MOI) (16) . From these results, we concluded that the late promoter of the HCMV viral DNA polymerase processivity factor has an impact on delayed early and late viral gene products independently of the level of viral DNA synthesis.
Why the middle start site is activated at late times after infection is unclear. An important parameter governing transcription initiation is the relative concentrations of the viral DNA template and the promoter sequence. As discussed previously (21) , there are several differences in the sequence surrounding the TATA element upstream of the middle start site. First, the TATA box sequence is different from the TATA elements upstream of the distal and the proximal start sites. Second, there is a region of perfect dyad symmetry located immediately 3Ј of the TATA element. Third, the positioning of the transcription start site (TSS) from the TATA element is longer than those of the other TATA elements. Since the UL44 late promoter affects delayed early and late viral gene TGCTCTCTATAAAACTTTCGCTCGCTCGCGCC-3Ј; BACUL44TATA2GC  boxmutoligo-2,5Ј-TGGCGCTTTAAGGTCGGAGTATATAAGTACTGTGCCTCT  TAGTCGGGGGCCCGCTGGCTCGGCGCGGCTGTATTATTAGAaGatGttCtT  CTTCGCAGCGTTCCCGGTCGTCGTGTGTGCTCTCTATAAAACTTTCGCTC  GCTCGCGCC-3Ј; and BACTATA1mutoligo, 5Ј-TCGGGGATGACGCCCGAC  GTGCTTCTGGCCAGGATGCTCAAGTGGTACCACTGGCGCTTTAAGGTCG  GAGtattattaTACTGTGCCTCTTAGTCGGGGGCCCGCTGGCTCGGCGCGGC  TGTATTATTAGACGCCGGGCGTCTTCGCA-3Ј . The lowercase letters represent mutant bases.
Recombinant virus isolation. HFFs were transfected with either 5 or 10 g of each recombinant BAC in the presence of 2 g of plasmid pSVpp71 by the calcium phosphate precipitation method of Graham and Van der Eb (10). After 10 days, viral plaques appeared. After 7 days of 100% cytopathic effect, the extracellular fluid was collected and either not diluted or diluted 1:10 for infection of HFFs. After 5 to 7 days of 100% cytopathic effect, the extracellular fluid containing virus was stored at Ϫ80°C in 50% newborn calf serum until it was used.
PCR analysis. PCR analysis was performed using the primer pair UL44promoterF, 5Ј-GCGATCCAAAACGACGTGGAAATGGCG-3Ј, and UL44promoterR, 5Ј-TGA GCGCACGGATCACAGATCGC-3Ј, as described previously (16) . The PCR cycling program was as follows: 1 cycle of denaturation at 94°C for 2 min; 30 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and elongation at 72°C for 1 min 30 s; and 1 cycle of elongation at 72°C for 7 min. A PCR product was cloned into a TA cloning vector and sequenced to confirm the recombination and excision (Aichi Cancer Center Research Institute Central Facility).
RNase protection assay. For construction of the antisense UL44 control probe or UL44 mutant probe, a DNA fragment including the 5Ј upstream region of the TSS of the entire UL44 transcript was amplified by PCR using the primer pair UL44 F2 RNase protection assay primer (5Ј-CCGCTGGCTCGGCGCGGCTG-3Ј) and UL44 inner primer (5Ј-GGATAGCCGTCTTGTACGGCTTCA-3Ј) and using BAC wild type (see Fig. 1 ) or BACGCmut2 (see Fig. 4a ), respectively, for templates, as described previously (16) , and cloned into the TA cloning vector pCRII (Invitrogen). The resulting clone, pUL44 pro-5, was made linear with the restriction endonuclease EcoRV and used as a template for SP6 RNA polymerase. Synthesis by SP6 RNA polymerase on linear pUL44 pro-5 DNA produced a 32 P-labeled antisense RNA probe in agreement with the predicted size. Cytoplasmic RNAs from mock-infected or HCMV-infected HFFs were isolated at the indicated times after infection as described previously (2, 11) . DNA replication was inhibited with 200 g/ml phosphonoacetic acid (PAA) (Sigma, St. Louis, MO) added to the medium at the time of infection and maintained throughout infection. Twenty micrograms of RNA was hybridized to 32 P-labeled antisense UL44 promoter probe at 37°C overnight before digestion with RNase T1 (100 U) as described previously (14, 19) . The protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels, followed by autoradiography on Hyperfilm MP (Amersham).
5-RACE analysis. Cytoplasmic RNA was isolated from the cells infected with RUL44TATA2 mut 2 days p.i. After treatment with DNase I (Promega, Madison, WI), RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was performed using the FirstChoice RLM-RACE kit (Ambion, Austin, TX) following the manufacturer's instructions. Twenty micrograms of RNA was used for the RLM-RACE reaction. PCR primers to amplify the cDNA fragment containing the 5Ј end of the UL44 TATA2-dependent transcript were 5Ј RACE outer control primer (5Ј-GATCACCAATCCATTGCCGACTAT-3Ј) and UL44TATA2Router primer (5Ј-CCCGGACAGCGTGCAAGTCTCGACTAA-3Ј). After amplification of cDNA, a second nested PCR was performed. The primer pairs were 5Ј RACE inner control primer (5Ј-CGCGGATCCGAACAC TGCGTTTGCTGGCTTTGATG-3Ј) and UL44TATA2Rinner primer (5Ј-TAA GGAGCGGGCGCGAGCGAGCGAAA-3Ј). The nested-PCR product was cloned into a TA cloning vector and sequenced (Aichi Cancer Center Research Institute Central Facility).
RESULTS
Effects of the TATA sequence in the UL44 middle promoter on the kinetics of transcription and start site selection. Figure  1 is a diagram of the UL44 gene and the three spatially distinct transcriptional start sites designated distal, middle, and proximal. The distal and proximal sites are early promoters, and the middle site is a late promoter that depends on viral DNA synthesis for activity. We showed previously that mutation of the middle TATA element significantly affected the level of (Fig. 1) . To determine the significance of the noncanonical TATA sequence in UL44 late-gene expression from the middle promoter, we constructed recombinant viruses with the UL44 middle TATA sequence, "TATTATTA," mutated to "TATataaA" to contain a canonical TATA sequence, "TATAA". The lowercase letters indicate the mutated bases. Using a rapid homologous-recombination system in E. coli as described in Materials and Methods, we replaced the marker cassette with the RpsL gene (Gene Bridges), conferring increased sensitivity to streptomycin. Intermediate BAC clones were isolated based on resistance to kanamycin. The integrity of these clones was checked by digestion with HindIII, and the insertion of the marker cassette in the correct location was confirmed by PCR using the primer pair UL44promoterF and UL44promoterR (data not shown). In a second round of homologous recombination, the entire marker cassette was replaced with either the wild-type sequence (wt-R) or a mutant sequence (TATAmut) by counterselection using singlestranded DNA as described in Materials and Methods. Recombinant constructs were isolated based on increased resistance to streptomycin as described previously (38) , and the UL44 promoter was amplified by PCR using the primer pair UL44promoterF and UL44promoterR. DNA sequencing confirmed the correct recombination (data not shown). The integrity of the mutant BACs was checked by digestion with HindIII (data not shown). There were no differences detected in transcription from the major IE gene promoter between the wild type, wt-R, and TATAmut (16 and data not shown). Cytoplasmic RNA was harvested 1, 2, and 3 days after infection with either wt-R or TATAmut at an MOI of approximately 3, and an RNase protection assay was performed to detect all the transcripts derived from the different start sites. The antisense UL44 RNA probe was as described previously (16) . Twenty micrograms of RNA was hybridized to 32 P-labeled antisense RNA probe at 37°C overnight before digestion with RNase T1 (100 U) as described in Materials and Methods. Consistent with previous reports (16, 21) , three major transcripts initiating at the spatially distinct start sites were detected 2 and 3 days after infection with wt-R (Fig. 2a , lanes 4 and 8). Transcripts initiating at start site 1 or 2 consisted of a doublet start site. The proximal and distal transcripts were similar between wt-R and TATAmut at 1, 2, and 3 days p.i. (Fig. 2a) . Consistent with a previous report (16, 21) , the middle transcript derived from the late promoter of wt-R was not detected in the presence of an inhibitor of viral DNA synthesis (PAA) at 48 h (Fig. 2a, lane 6 ). In contrast, an alternative transcript initiating upstream of start site 2 was detected with TATAmut in infected cells 1, 2, and 3 days p.i. (Fig. 2a, lanes  3, 5, and 9 ). The alternative transcript was not detected with wt-R in the presence of PAA at 48 h, but it was detected with TATAmut (Fig. 2a, compare lanes 6 and 7) . The transcript initiating at start site 2 was also detected with TATAmut, but it was at very low levels at 2 and 3 days p.i. (Fig. 2a, lanes 5 and  9) . Several minor bands with wt-R and TATAmut were also detected upstream of the proximal transcript or downstream of the distal transcript. When the same aliquot of RNA from wt-R or TATAmut was analyzed with the UL44 RNA probe, detection of these minor bands was variable for each assay (compare Fig. 2a to Fig. 3b, lanes 9 and 10; Fig. 4b , lanes 1 and 2; and Fig. 5b, lanes 6 to 8) , suggesting that these transcripts do not represent heterogeneous start sites. It is likely that they represent incomplete hybridization before digestion with RNase T1. When the labeled UL44 RNA probe was synthesized, parts of the transcripts may not have reached full length due to pausing or termination of the SP6 RNA polymerase. To construct theses mutants, a counterselection replaced the UL44 middle promoter with a marker cassette containing the RpsL gene, conferring increased sensitivity to streptomycin, and the neomycin resistance marker to provide kanamycin resistance. Intermediate BAC clones were isolated based on resistance to kanamycin. The integrity of these clones was checked by digestion with HindIII, and insertion of the marker cassette in the correct location was confirmed by PCR using the primer pair UL44promoterF and UL44promoterR. In a second round of homologous recombination, the entire marker cassette was replaced with the TATA2 control or TATA2 mutant sequence by counterselection using single-stranded DNA as described in Materials and Methods. The lowercase letters in the sequences indicate mutant bases. A rescued BAC with the UL44 TATA2 control sequence was used for the subsequent experiments as wt-R. Figure 2b shows the sequence of the UL44 middle promoter region. The precise mapping of the TSS of the middle transcripts was performed previously (21) . We used RLM-RACE analysis to determine the start site of the alternative transcript with TATAmut as described in Materials and Methods. The TSS is located at a distance of 22 bp 3Ј of the TATA element (Fig. 2b) . From these results, we concluded that the sequence of the UL44 middle TATA nucleotides affects the kinetics and the TSS selection of the UL44 late transcript.
The noncanonical TATA sequence in the UL44 middle promoter is required for the accumulation of late transcripts. To confirm that the noncanonical TATA sequence is required for the accumulation of late transcripts, we made adenine and thymidine substitutions to generate the recombinant viruses TATAmut2 and TATAmut3 (Fig. 3a) . To construct these recombinant viruses, we reversed the recombinant virus selection procedure (Fig. 1) as described in Materials and Methods. The correct recombination was confirmed by DNA sequencing, and the integrity of the mutant BACs was checked by digestion with HindIII (data not shown). As a result of the mutations shown in Fig. 3a , the UL44 middle TATA element in the two recombinant viruses contained a canonical TATA sequence.
Cytoplasmic RNA was isolated 1, 2, and 3 days after infection with the recombinant virus at an MOI of approximately 3, and an RNase protection assay was performed with antisense UL44 RNA probe. As shown in Fig. 3b , when the TATA sequence was mutated to contain a canonical TATA sequence, "TATAA," the accumulation of late transcripts was decreased at 2 and 3 days p.i. (compare lane 9 with lanes 1 to 8). An alternative transcript was detected with TATAmut3, as well as the middle transcripts from start site 2, at 2 and 3 days p.i. (Fig. 3b, lanes  5 and 8) . These transcripts were not detected in the presence of PAA at 2 days p.i. (Fig. 3b, lanes 4 and 6) . Since TATAmut contains a repeat of thymine and adenine nucleotides in front of TAA in the UL44 middle promoter (Fig. 1) , the number of To construct the mutant BACs, we reversed the recombinant virus selection procedure using the RpsL gene ( Fig. 1) as described in Materials and Methods. The lowercase letters in the sequences indicate mutant bases. (b) RNAs were harvested at 1, 2, and 3 days after infection with an MOI of approximately 3. An RNase protection assay was performed with 32 P-labeled antisense UL44 RNA probe at 37°C overnight before digestion with RNase T1. The protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels. Lanes: 1, 3, 4, and 7, mut2; 2, 5, 6, and 8, mut3; 9 and 10, wt-R; 11, mut; 12, lacking RNase T1; 1 and 2, 1 day p.i. (d.p.i.); 3 to 6 and 9 to 11, 2 days p.i.; 7 and 8, 3 days p.i.; 4, 6, and 10, in the presence of PAA. Arrows 1, 2, and 3 indicate the transcripts initiating at start sites 1, 2, and 3, respectively. The arrowhead indicates the alternative transcript due to the substitution for the UL44 middle TATA nucleotides.
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TA repeats in front of TAA nucleotides may determine the strength of the UL44 middle promoter with TATAmut3. While the levels of the distal transcript were similar between TATAmut2 and TATAmut3, the levels of transcripts derived from the UL44 middle promoter with mut2 were lower than those with mut3 and mut2 at 3 days p.i. (Fig. 3b, lanes 3, 5, 7 , and 8). The different TATA sequences in the two recombinant viruses may affect the level of the transcript from the promoter. Several bands with wt-R and recombinant virus were also detected upstream of the proximal transcript or downstream of the distal transcript; however, there was no different transcript in these bands in wt-R, TATAmut, TATAmut2, and TATAmut3. Thus, they are due to incomplete hybridization, as described above. From these results, we concluded that the noncanonical TATA sequence in the UL44 middle promoter influences the accumulation of late transcripts. The GC boxes surrounding the middle TATA element do not affect the kinetics and the TSS selection of the UL44 late transcript. There is a region of perfect dyad symmetry located immediately 3Ј of the UL44 middle TATA element, and the sequence contains an Sp1 binding site (Fig. 2b) . It has been reported that interaction between TFIID and the TSS was dependent either on a TATA box or on Sp1 bound to upstream sites (18) . To determine if this region plays a role in modulating the kinetics and the TSS selection of the middle transcript, we constructed a recombinant virus with the perfect dyad symmetry mutated as described in Materials and Methods. The correct recombination was confirmed by DNA sequencing, and the integrity of the mutant BACs was checked by digestion with HindIII (data not shown). Cytoplasmic RNA was isolated 1, 2, and 3 days after infection with the recombinant virus at an MOI of approximately 3, and an RNase protection assay was performed with antisense UL44 RNA probe. As shown in Fig.  4b , the middle transcript initiating at start site 2 was detected with the recombinant virus with the perfect dyad symmetry mutated at 2 and 3 days p.i. (Fig. 4b, lanes 8 and 10) and was not detected in the presence of PAA for 48 h (Fig. 4b, lane 9 ). An alternative band located between the distal and middle transcripts was also detected (Fig. 4b) . The level of the distal transcript was decreased (Fig. 4b) . When we constructed the antisense UL44 RNA probe, a DNA fragment including 5Ј upstream of the entire TSS of the UL44 transcript was amplified by PCR using a BAC wild-type DNA as a template and the antisense UL44 RNA probe was not completely complementary to the transcribed RNA from RGCmut2. Thus, to determine if this was due to the probe design, we also performed an RNase protection assay with the antisense UL44 mut RNA probe. To construct the antisense UL44 mut RNA probe, a DNA fragment including all the 5Ј upstream of the TSS was amplified using BAC GCmut2 as a template, as described in Materials and Methods. As shown in Fig. 4c , the alternative band was not detected with GCmut2 (lanes 6 to 9) but was detected with wt-R (lane 10). This indicates that our RNase protection assay partially recognized the difference of several nucleotides in the perfect dyad symmetry. From these results, we conclude that a region of perfect dyad symmetry does not modulate the kinetics and the TSS selection of the transcript from the UL44 late promoter.
There is one more GC box 5Ј of the middle TATA element (Fig. 2b) . To further determine if this GC box plays a role in modulating the kinetics and the TSS selection of the UL44 middle transcript, we constructed the recombinant virus with all three GC boxes surrounding the middle TATA element mutated (Fig. 4a) , and an RNase protection assay was per- To construct the mutant BACs, we reversed the recombinant virus selection procedure using the RpsL gene as described in Materials and Methods. The lowercase letters in the sequences indicate mutant bases. (b and c) RNAs were harvested at 1, 2, and 3 days after infection with an MOI of approximately 3. After an RNase protection assay, the protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels. Arrows 1, 2, and 3 indicate the transcripts initiating at start sites 1, 2, and 3, respectively. The arrowhead indicates the alternative transcript due to the substitution for the UL44 middle TATA element. The asterisk indicates the alternative band due to the mismatch of hybridization. (b) RNase protection assay with UL44 RNA probe. Lanes: 1, wt-R; 2, mut; 3 to 6, GCmut1; 7 to 10, GCmut2, -3, and -7 1 day p.i. (d.p.i.); 1, 2, 4, 5, 8, and 9, 2 days p.i.; 6 and 10, 3 days p.i.; 5 and 9, in the presence of PAA. (c) RNase protection assay with UL44 mut probe. Lanes: 1, UL44 mut probe lacking RNase T1; 2 to 5, GCmut1; 6 to 9, GCmut2; 10, wt-R; 2 and 6, 1 day p.i.; 3 and 4, 7 and 8, and 10, 2 days p.i.; 5 and 9, 3 days p.i.; 4 and 8, in the presence of PAA.
formed with the antisense UL44 RNA probe or the UL44 mut RNA probe. As shown in Fig. 4c , the middle transcript initiating at start site 2 was still detected with the recombinant virus with all three GC boxes mutated at 2 and 3 days p.i. (lanes 3 and 5) and was not detected in the presence of PAA for 48 h (lane 4). When the UL44 mut RNA probe was used for the RNase protection assay, another alternative band located between the distal and middle transcripts was detected (Fig. 4c,   FIG. 5 . Effect of the mutated TATA sequence on the UL44 distal promoter. (a) Schematic representation of the recombinant viruses replaced with a noncanonical TATA sequence in the UL44 distal promoter. To construct theses mutants, a counterselection replaced the UL44 distal promoter with a marker cassette containing the RpsL gene as described in Materials and Methods. The lowercase letters in the sequences indicate mutant bases. (b) RNAs were harvested at 1, 2, and 3 days after infection with an MOI of approximately 3. An RNase protection assay was performed with 32 P-labeled antisense UL44 RNA probe at 37°C overnight before digestion with RNase T1. The protected RNA fragments were subjected to electrophoresis in denaturing 6% polyacrylamide gels. Lanes: 1, lacking RNase T1; 2 to 5, mutTATA1; 6 to 8, wt-R; 2, 1 day p.i. (d.p.i.); 3, 4, 6, and 7, 2 days p.i.; 5 and 8, 3 days p.i.; 4 and 7, in the presence of PAA. Arrows 1, 2, and 3 indicate the transcripts initiating at start sites 1, 2, and 3, respectively. The arrowhead indicates the alternative transcript due to the substitution for the UL44 distal TATA element.
THE NONCANONICAL TATA SEQUENCE 1643 lanes 2 to 5). Compared to GCmut2, GCmut1 has an additional mutation in the 5Ј region of the probe, and the transcribed RNA from GCmut1 is not completely complementary to the antisense UL44 mut RNA probe. Therefore, the detected alternative band located between the distal and middle transcripts (Fig. 4c, lanes 2 to 5) should be due to the mismatch of the hybridization. Minor bands were also detected with GCmut1 or GCmut2, as well as wt-R. They may have been caused by partial degradation of the isolated RNA and/or RNA probe before hybridization, as described above. However, there was no apparent alternative transcript specific for GCmut1 or GCmut2 due to the mutation of the GC boxes ( Fig.  4b and c) . Since the level of the UL44 transcript from GCmut1 was lower than that of wt-R or GCmut2 (Fig. 4b and c) , the GC box 5Ј of the TATA element may modulate the strength of the UL44 promoter. Taken together, we conclude that the GC boxes that surround the middle TATA element do not affect the kinetics and the TSS selection of the UL44 late transcript. Replacement of the distal TATA element with a noncanonical TATA sequence. The TATA element in the distal promoter contains a canonical sequence (Fig. 5a ). To determine if the TATA sequence in the distal early promoter also has an effect on the kinetics of the transcript, we constructed a recombinant virus with a noncanonical TATA sequence using the reverse procedure described in Materials and Methods. The correct recombination was confirmed by DNA sequencing, and the integrity of the mutant BACs was checked by digestion with HindIII (data not shown). Cytoplasmic RNA was isolated 1, 2, and 3 days after infection with the recombinant virus at an MOI of approximately 3, and an RNase protection assay with an antisense UL44 RNA probe was performed. As shown in Fig. 5b , the early distal transcript was still detected with mut-TATA1 at 1, 2, and 3 days p.i., and this transcript was also detected in the presence of PAA at 48 h (Fig. 5b, lane 4) . The mutation did not alter the early kinetics of the distal promoter. However, an alternative transcript downstream of the distal early transcript was dependent on viral DNA replication (Fig.  5b, lanes 3 to 5) . The noncanonical TATA element did not alter the TSS of the early transcript, but it did induce an alternative late transcript that was dependent on viral DNA replication.
DISCUSSION
The pUL44 protein accumulates to strikingly high levels at late times after infection (9, 35) , and the UL44 gene product from the late viral transcript is required for efficient viral gene expression rather than viral DNA synthesis (16) . The HCMV UL44 transcription unit initiates at three distinct sites, which are separated by approximately 50 nucleotides and are differentially regulated during productive infection. Two of these start sites, the distal and the proximal, are active at early times, whereas the middle start site is inactive until late times (21) . To determine what is responsible for the activation of the middle TATA element at late times after infection, we constructed recombinant viruses with a canonical TATA sequence in the UL44 middle promoter. We found that the noncanonical TATA sequence in the UL44 middle promoter is required for accumulation of the late viral transcripts.
The transcriptional strategies of DNA viruses exhibit a num- (12) . The authors constructed a chimeric herpes simplex virus gene that contained the distal regulatory elements of the early thymidine kinase gene fused upstream of the 15-bp TATA sequence of the late gC gene. Synthesis of gC mRNA from the chimeric promoter showed both early and late kinetics. This interesting study showed that the cis-acting elements determine the kinetics of the early and late genes. Originally, core promoter elements were thought to mediate basal transcription whereas gene-specific upstream regulatory elements were responsible for directing regulated gene expression. However, recent studies have demonstrated that core promoter elements can play an integral role in both environmentally induced and developmentally regulated gene expression (32) . For instance, developmental-stage-specific recruitment of the TATA-binding protein (TBP) has been demonstrated for the human gamma globin gene (3). Moreover, in the case of the human osteocalcin gene, which is transcriptionally repressed by glucocorticoids, a specific binding element for the glucocorticoid receptor overlaps a noncanonical TATA box (25) . Mutating this noncanonical TATA box into a canonical TATA box within the context of the osteocalcin promoter greatly decreased hormone-dependent transcriptional repression by the glucocorticoid receptor (25) . TBP bound this mutated element much more strongly, which suggests a physiologically relevant role for the weak osteocalcin TATA element in the regulation of this bone-specific gene (25) .
For the early and late gene transcription of DNA viruses, IE proteins recruit the general transcription factors, including TBP, to the promoter. Following the recruitment of general transcription factors, recognition of the TATA box in the core promoter by TBP constitutes the first step toward preinitiation complex formation to start early and late gene transcription. Since the difference in the TATA sequence in the UL44 late promoter presumably modulates the strength of TBP-DNA binding (33, 34) , it is possible that the binding affinity of TBP to the promoter became stronger due to the replacement of the UL44 middle noncanonical TATA sequence by a canonical TATA sequence, "TATATAA" (33, 34) , and this caused the shift from late kinetics to early kinetics. The molecular coupling of replication to transcription of late genes remains unclear. A part of the newly replicated DNA could serve as a template for transcription. Therefore, one hypothesis is that the increased concentration of transcriptional templates is necessary for the initiation of late UL44 transcription. The relatively weak binding affinity of TBP for the noncanonical TATA sequence at the middle promoter may explain a lack of transcription at early times after infection. However, the weak binding affinity of TBP for the middle promoter is not the only reason for the lack of early transcription, because late tran-scripts were not detected with the recombinant virus TATAmut2 or TATAmut3, while an alternative transcript was significantly detected with TATAmut3. Mutation to a noncanonical TATA sequence in the UL44 distal promoter with the recombinant virus mutTATA1 induced a late specific alternative transcript that was detected after viral DNA synthesis. Late specific transcription from a noncanonical TATA sequence may be simply a concentration effect after viral DNA synthesis or may reflect the presence of a viral transcription factor that specifically activates a late promoter.
The main function of the TATA box is to anchor the transcription preinitiation complex guiding RNA polymerase upstream of the TSS. Therefore, the spacing between the TATA box and the TSS is functionally important for efficient transcription (28) , but the underlying mechanisms that determine the start site selection are not understood. As previously shown (1), the preferred canonical sequence for the initiation site is a pyrimidine-purine dinucleotide situated at positions Ϫ1 and ϩ1 relative to the TSS. When the UL44 middle TATA element was replaced by a canonical sequence, the distance between the TATA box and the TSS was shortened from 32 or 37 to 22 nucleotides.
Our data indicate that the GC boxes surrounding the middle TATA sequence do not affect the kinetics and the TSS selection of the middle late transcript, while the GC box 5Ј of the TATA element may modulate the strength of the UL44 promoter. The transcription factors in the core promoter, including the TATA box, must communicate with the surrounding sequence in order to either enhance or repress transcription. Therefore, further studies are required to determine the roles of the GC boxes surrounding the middle UL44 core promoter in UL44 transcription and viral replication.
In conclusion, a noncanonical TATA sequence at the middle promoter of the UL44 transcription unit is associated with the accumulation of late viral transcripts.
